Introduction
Abdominal aortic aneurysms (AAAs) are dilating lesions which result from extensive focal arterial remodeling where active proteolysis of the extracellular matrix plays a major role [1, 2] . An intraluminal thrombus (ILT) of variable size and wall-covering surface is a common structural feature of human AAA and attention has been drawn to its potential role in aneurysmal evolution. Local hypoxia [3] , wall thinning, increased inflammatory cell accumulation and cell apoptosis [4] occur in AAAs covered by a thrombus. The ILT appears to be a self-sustaining biologically active structure [5] . Renewal of its luminal pole, with platelet activation associated with microparticle (MP) production, was shown to participate in AAA evolution, as platelet inhibition prevented AAA enlargement both in man [6] and in a rat experimental model [7, 8] . Moreover, ILT of human AAAs has been shown to be a source of storage, release and activation of various proteases such as metalloproteinases (MMPs) [9, 10] and proteases of the fibrinolytic system [10, 11] . In ILT of human AAAs, polymorphonuclear cells (PMNs) were previously shown to be the main source of MMP9 [9] , whereas activated platelets may secrete MMP2 [12] . The high proteolytic activity of ILT provided an argument for its participation in the degradation of structural components of the arterial wall [9, 10] . However, the expression and activity of matrix-degrading proteases were recently reported to be upregulated in walls of human AAAs exposed to flowing blood compared to walls covered by a thrombus [13] . The apparent discrepancy between these data and previous reports made the authors point out the need for further studies on the role of ILT-derived proteases in aneurysmal growth and the potential usefulness of an experimental model of AAA for this purpose.
Studies performed on human AAAs obtained at surgery have provided data of importance in describing AAA pathology, but these AAAs may be considered as 'end-point lesions'. Although in some aspects they represent 'acute lesions', experimental AAAs are induced in a given strain of animals under identical environmental conditions, and may be used to study mechanisms involved in the early phase of aneurysmal development. The elastase-induced model of AAA we described in 1990 in the rat [14] has been widely extended to various animal species and many different mechanisms have been reported to participate in the development of these aneurysms.
In the present study we used the rat model of elastaseinduced AAA to gain further insight into the role of ILT in AAA evolution via its biological activity such as protease release and MP production. Since the structure and permeability of the ILT have suggested its ability to convey macromolecules from the lumen to the underlying wall [5] , the demonstration of relationships between protease levels in the ILT and the AAA wall may argue for a role of ILT biological activity in AAA evolution. We, thus, first studied levels of different proteases and MPs released by ILT and aneurysmal wall and then we analyzed possible correlations between them, and also between these levels and AAA size, an index of aneurysmal evolution.
Methods

AAA Rat Model
Lewis rats aged 10-12 weeks were from CEJ (Le Genest, France). To induce AAA, an isolated segment of abdominal aorta was perfused with 3 units of pancreatic porcine elastase (Sigma, E-1250 lot No. 083K7655) as previously described [14, 15] .
The procedure and the animal care complied with the principles formulated by the National Society for Medical Research (animal facility agreement: No. B75-18-03), and this study was performed with the authorization (No. 75-101) for animal experimentation of the French Ministry of Agriculture.
Measurement of Abdominal Aortic Diameter
The diameter of the elastase-perfused abdominal aortic segment was measured in situ using a calibrated grid placed in the dissecting microscope eyepiece, postmortem for ruptured AAAs and at the time of sacrifice just before tissue sampling for the other rats.
As the aortic diameter increases by about 100% just after elastase perfusion (from 1.2 to 2.5 mm), we considered the dilatation to be an AAA 2 weeks later (at the time of sacrifice) when an additional increase of 50% had occurred, i.e. an external diameter greater than 3.75 mm.
For the study of the incidence of AAA and the relationship between AAA diameter and rupture, we collected data from different experiments, but not all these rats (n = 117) were used for the biochemical determinations described below.
Sampling and Tissue Incubation
Two weeks after elastase perfusion and under pentobarbital anesthesia, the abdominal aorta was exposed and the diameter of the elastase-perfused segment measured as described above. Aortic blood was rinsed by gentle perfusion of NaCl 9‰ via a catheter placed in the infrarenal aorta. Using a dissecting microscope, aortic segments were removed and AAAs opened longitudinally. The ILT was easily separated from the underlying wall using fine tweezers. Histological control of the method of separating ILT and wall was performed by analysis of paraffin sections of dissected ILT and wall, fixed with 3.7% formaldehyde. For each animal, aneurysmal ILT and underlying wall, and also nonaneurysmal elastase-perfused aortic wall (aortic diameter ^ 3.75 mm) and descending thoracic aorta, used as control perfused wall and control nonperfused walls, respectively, were dissected out, minced and incubated with serum-free RPMI-1640 culture medium (Gibco) at 37 ° C for 24 h in humidified 5% CO 2 air [16] . The different tissue samples were weighed (wet weight) and conditioned media from each sample were collected, centrifuged at 700 g and their protein concentration determined using a Bio-Rad protein assay. Samples were stored until use at -80 ° C. Ruptured AAAs were not used since rats died from hemorrhage and tissues were not suitable for enzymatic determination.
Blood of several rats was sampled, both before surgery and at sacrifice and for other rats only at sacrifice, on sodium citrate (0.109 M ) and centrifuged at 4 ° C at 700 g to obtain plasma.
SDS-PAGE Zymography
MMP and elastase activities were determined using gelatin and casein zymography, respectively, as previously described [16] [17] [18] . A determined quantity of secreted proteins was loaded on gels. Proteolytic activities of tissue-conditioned media (appearing as white bands on gels stained with Coomassie blue) were quantified by densitometry using Scion image software and expressed per microgram of secreted protein in conditioned culture media. For control of MMP or serine protease activities, 20 m M EDTA and 100 KIU/ml of aprotinin (Trasylol, Bayer) or 10 M of elastase inhibitor III (Calbiochem) or uPA-STOP TM (American Diagnostica) were added to the incubation media.
Urokinase Plasminogen Activator Immunoblotting
Proteins from ILT-conditioned media were resolved by SDS-PAGE using 10% polyacrylamide gels and transferred onto nitrocellulose membranes (Amersham) incubated overnight at 4 ° C with 0.5 g/ml urokinase plasminogen activator (uPA) antibody (human uPA B chain, American Diagnostica). After incubation with peroxidase-coupled secondary antibody, peroxidase activity was detected using chemiluminescence. uPA, pro-uPA and human urine (rich in uPA) were used as positive controls.
Plasmin Activity
Plasmin activity was determined by lysis of a specific substrate (Suc-Ala-Phe-Lys-AMC, Bachem). One to 4 g of secreted protein in tissue-conditioned media were added to 1 ml buffer containing 50 m M Tris-HCl, 100 m M NaCl, 0.01% Tween 20 and the plasmin substrate at 40 M final concentration. Substrate hydrolysis was monitored every 10 min during 80 min by spectrofluorometry (Hitachi F-2000; Exc = 380 nm, Em = 460 nm). The rate of hydrolysis (released fluorescence per minute) was obtained and calculated per milligram of secreted protein.
MP Determination by Flow Cytometry
Cell-derived MPs from 500 l of plasma or tissue-conditioned media were isolated as described by Biro et al. [19] and were analyzed by flow cytometry (Coulter Epics XL with EXPO 32 software, Beckman Coulter) using annexin V-FITC labeling of surface-expressed phosphatidylserine. To set the background fluorescence, we used annexin V in the absence of calcium. A determined number of fluorescent beads were added to the samples before analysis to allow calculation of absolute values of MPs.
Immunohistochemistry
Five rats were used for histological studies. The Apostain assay (Alexis Biochemicals) was used to localize apoptotic cells. Briefly, frozen sections were rapidly fixed with 4% paraformaldehyde followed by methanol/PBS. We, then applied, in the following order, 0.2% saponin, formamide:water 1: 1 at 56 ° C, 3% H 2 O 2 , 3% casein, primary antibody F7-2b (5 g/ml in 1% casein-PBS) and 3 g/ml biotinylated goat anti-mouse II ry antibody (Zymed). HRP was revealed by Vectastain (Vector Labs). Native mouse IgG/A/M was used for negative control.
For uPA detection, acetone-fixed frozen sections were used and were applied in the following order: 3% H 2 O 2 , 10 g/ml uPA antibody (human uPA B chain, American Diagnostica) for 1 h 20 at room temperature, 5 g/ml of biotinylated rat adsorbed antimouse IgG II ry antibody (Vector Labs) and peroxidase-coupled streptavidin (Dako). Peroxidase was revealed by 3 -diaminobenzidine tetrahydrochloride (Dako) and sections were counterstained with Mayer's hemalum.
Statistical Analysis
Nonparametric tests were used for the different statistical comparisons: the Kruskal-Wallis test for comparison of values between several groups, the Mann-Whitney U test for comparison between two groups, the Wilcoxon test for paired value comparison and the Spearman test for correlation analysis.
Results
AAA Incidence, Diameter, Rupture and ILT Weight
Out of a total of 117 rats which were successfully perfused with elastase, 42 rats (36%) died before the time of sacrifice: 21 of these revealed AAA rupture ( fig. 1 a) , the others showed aortic leakage or thrombosis very early after surgery or died from an undetermined cause and were excluded from the study. A total of 75 rats had developed AAA (21 ruptured, 54 intact) in the 2 weeks following perfusion. Lesion diameter was greater in ruptured than in intact AAAs ( fig. 1 b) . Forty-one AAAs were used to measure ILT weight and AAA diameter. Thirty-four AAAs contained an ILT (83%), whereas 7 did not. The ILT weight correlated positively with the AAA diameter (rho = 0.673, p ^ 0.0001 by Spearman analysis). However, a few large AAAs (n = 3; 6 8 mm) had no or a very small ILT.
MMP Levels
In ILT-and Aortic Wall-Conditioned Media As detected by zymography, MMP9 was mostly present in the proform and levels of pro-and active MMP9 were higher in ILT than in AAA wall; MMP9 was not observed in the wall of control thoracic aorta ( fig. 2 a, b) . AAA diameter correlated positively with total MMP9 levels in AAA wall (rho = 0.507, p = 0.04). However, no significant differences were observed between MMP9 levels in aneurysm and nonaneurysmal elastase-perfused wall (data not shown). ProMMP2 was higher in the ILT than in AAA wall, whereas no significant difference in active MMP2 was observed. ProMMP2 levels were decreased in AAA wall compared to control thoracic aortic wall, whereas, in contrast, active MMP2 levels were significantly increased. In addition, active MMP2 was higher in AAA wall than in nonaneurysmal perfused aortic wall ( fig. 2 c) . Furthermore, a positive correlation was found between aortic diameter and levels of MMP2 activation (active/proMMP2) in aortic wall when all elastaseperfused rats were considered ( fig. 2 d) . This correlation persisted when only rats with AAA were considered (rho = 0.653, p = 0.01). In addition, wall MMP2 activation MMP levels determined by SDS-PAGE gelatin zymography. a Zymogram obtained with media conditioned by ILT and AAA wall (7.5 g protein) and by control thoracic aortic wall (3.75 g protein) from 2 Lewis rats, using rat lung-conditioned medium and supernatant of activated rat PMNs as references. b MMP9 and MMP2 levels in ILT, wall and thoracic aortic wall of rats with AAAs (n = 9). * p ^ 0.05, * * p ^ 0.01 (using the Kruskal-Wallis test followed by the Wilcoxon paired test). c MMP2 levels in elastase-perfused aortic wall with (+; n = 17) or without (-; n = 6) AAA. * p ^ 0.05 (using the Mann-Whitney U test). d Positive correlation (rho = 0.828, p = 0.0001 by Spearman analysis) between active/proMMP2 levels of aortic wall and diameter of elastaseperfused aortic wall. W = Wall; TA = thoracic aortic wall; DU = densitometry units.
(active/proMMP2) correlated positively with ILT weight in the AAA group (rho = 0.648, p = 0.014). Moreover, active and total MMP2 levels in ILT correlated positively with their corresponding levels in AAA wall ( table 1 ) .
In Plasma Plasma MMP9 levels at sacrifice were significantly increased (p = 0.036 using paired Wilcoxon test) compared to values before surgery, whereas MMP2 levels had not changed ( fig. 3 a) . This comparison was only performed in the AAA group. However, at 2 weeks, plasma levels of MMP9 and MMP2 were not different between elastase-perfused rats which had or had not developed an aneurysm ( fig. 3 b) . No correlation was found between plasma MMP9 levels and thrombus weight or AAA diameter.
Elastase Released by ILT and Aortic Wall
Zymography in the presence of EDTA (an MMP inhibitor) ( fig. 4 a) showed a lytic band at about 30 kDa MW (similar to that of human neutrophil elastase: 28 kDa), and at a similar level as that obtained with supernatant of activated rat PMNs, known to secrete elastase. In addition, these lytic bands were greatly diminished in the presence of an elastase inhibitor during gel incubation ( fig. 4 a) . These data converge to attribute this lytic activity to elastase. Elastase levels were higher in ILT than in wall ( fig. 4 b) , and interestingly, a positive correlation was found between ILT and wall elastase levels ( fig. 4 c) . In addition, within both ILT and wall, elastase levels correlated positively with MMP9 levels (p ^ 0.05). Moreover, ILT elastase levels also correlated positively with total MMP9 in AAA wall ( table 1 ) .
uPA and Plasmin Activity Released by ILT and Aortic Wall
Zymography gels incubated with an inhibitor of MMPs (EDTA) displayed another lytic band of about 50 kDa, which was of greater intensity in ILT than in AAA wallconditioned media ( fig. 4 a, b) . This lytic band was still present in gels incubated with an elastase inhibitor and was abolished by aprotinin (a serine protease inhibitor; data not shown) or by uPA inhibitor ( fig. 4 a) . uPA detection by immunoblotting ( fig. 5 a) showed labeled bands at about 55 and 30 kDa which may be, respectively, attributed to pro-uPA and to low-molecular-weight uPA. These bands were clearly more intense in ILT than in the wall. In addition, immunohistochemical localization of uPA showed labeling mainly associated with cells within the ILT ( fig. 5 b, c) .
Plasmin activity (/mg of secreted protein) was higher in ILT than in AAA wall ( fig. 5 d) , and these two activities were positively correlated (rho = 0.588, p = 0.03; table 1 ). Plasmin activity was clearly increased in AAA wall compared to nonaneurysmal perfused wall and control aortic wall ( fig. 5 d) . In addition, plasmin activity in AAA wall correlated positively with MMP2 activation (active/ proMMP2; rho = 0.494, p = 0.04) and with AAA diameter ( fig. 5 e; table 1 ), whereas ILT plasmin activity did not. However, AAA wall plasmin activity correlated positively with ILT weight (rho = 0.491, p = 0.011) and also with total plasmin activity of the entire ILT with a high significance (rho = 0.900, p ! 0.0001).
Annexin V-Labeled Cell MPs
Histologically, apoptotic cells, which are a source of cell MPs, were mainly observed within the intermediate layer of the ILT ( fig. 6 a) and also in different areas of AAA wall showing signs of inflammation.
Plasma MPs MP levels were significantly increased at 2 weeks compared to before surgery only in elastase-perfused rats which had developed AAA. However, no significant differences were observed in rats with or without AAA ( fig. 6 b) partly due to a large variation in values. 
AAA wall
05, ** p ≤ 0.01 statistically significant using Spearman test. N = Negative; P = positive; -= no correlations. Italics represent positive correlations between ILT and wall levels of a given protease.
MPs Released by ILT and Aortic Wall A greater MP release (MP/mg tissue weight) was observed in ILT-than in wall-conditioned media. No difference in MP release was observed between AAA and nondilated elastase-perfused walls, although both levels were higher than that of control aortic wall ( fig. 6 c) . Calculated numbers of MPs secreted by the entire tissue (total MPs) were not significantly different between ILT, AAA wall and nondilated wall, but all were higher than that of the control wall ( fig. 6 c) . AAA diameter correlated with total MPs released by the ILT (rho = 0.437, p = 0.03) but correlated more strongly with total MPs released by the AAA wall (rho = 0.545, p = 0.009) ( fig. 6 d) . No correlation was found between levels of MPs released by ILT and wall.
Discussion
In the present study, first we showed that, in rat experimental AAAs which develop rapidly, ILT weight correlated with AAA diameter. In human AAAs, it has also been reported that a rapid lesion expansion was associated with an increased ILT load [20] . However, in very few rats, large AAAs occurred with no or a very small-sized ILT. Similarly, in man, a small proportion of AAAs have no or only a small ILT. In the present study, the diameter of ruptured experimental AAAs was higher than that of intact ones, as previously reported for human AAAs [21] , confirming that rapid growth and large diameter are risk factors for aneurysmal rupture [22] . In addition, a greater ILT volume has been reported in ruptured compared to intact human AAAs, although there was no difference in the ILT/AAA volume ratio [21] . The present data on MMPs in rat AAAs showed that, 2 weeks following elastase perfusion, in both ILT-and wall-conditioned media, total (active + pro) MMP2 levels were not different from those of control thoracic aorta, where smooth muscle cells constitutively secrete MMP2, whereas MMP9 levels were increased, as reported for these two MMPs in human AAA extracts [23] . In rat AAAs, ILT showed higher MMP9 levels than AAA wall, as reported in human AAAs [9, 23] . The numerous PMNs present in rat ILT [15] probably accounted for a large part of the MMP9 levels in ILT, as shown for human AAAs [9] , whereas MMP2 could originate from activated platelets [12] . In AAA wall, inflammatory cells (chiefly macrophages) may be the major source of MMP9 [24] whereas MMP2 could be produced by both macrophages and smooth muscle cells [25] . The involvement of various MMPs in human aneurysmal pathology is now well established [for recent reviews, see 26, 27] . Similarly, in the rat elastase AAA model, endogenous proteinases, including MMPs, are induced simultaneously with matrix destruction and inflammatory cell infiltration during the course of AAA development [28] and MMP inactivation prevents AAA development [29, 30] . In the present study, active MMP2 levels were increased both in ILT and wall of rat AAAs. Similarly, this MMP activation was observed in human AAA and correlated with the degree of inflammation [23] . Moreover, we showed that in elastaseperfused aortic segments, levels of MMP2 activation and of total MMP9 in AAA wall correlated with aortic diameter, suggesting a significant role for these MMPs during the early phase of AAA development. Recently, attention has been drawn to the role of MMP2 as an aneurysmal initiator [31] and, in human AAAs, MMP2 has also been shown to be the principal gelatinase present in small AAAs, whereas MMP9 activity is increased in large ones [32] . A role for MMP9 in experimental AAAs was shown by the suppression of AAA development by MMP9 gene disruption [33] . Present data on the study of relationships between ILT and wall levels of MMPs showed a positive correlation between ILT and wall levels of both pro-and active MMP2. A positive correlation was also found between ILT weight and the level of active MMP2. Together, these data suggest a link between MMP2 activity in ILT and AAA wall, the latter, as reported above, being itself related to AAA growth. As for plasma MMP levels, increased MMP9 levels have been observed in AAA patients [34] [35] [36] although in only half of them by Hovsepian et al. [34] . Moreover, a decrease in plasma MMP9 and MMP3 levels after AAA exclusion [35] and an association between plasma MMP9 levels and AAA size and expansion [36] have been previously reported. In our study, at 2 weeks postelastase perfusion, MMP9 plasma levels were increased compared to levels before surgery (only studied in the AAA group).
However, no significant differences in MMP9 and MMP2 plasma levels were observed at the time of sacrifice between elastase-perfused rats with or without a developed AAA, showing that, in the early phases of rat experimental AAA formation, plasma MMP levels did not reflect the extent of AAA dilatation but rather the protease release consecutive to elastase perfusion.
Elastase was present in rat AAAs both in ILT and wall, but levels were higher in the former. Macrophages and, more importantly, PMNs are able to produce elastase and may account for the presence of this protease [17, 18] , which cannot be due to residual porcine elastase, previ- ously shown to be undetectable 24 h postperfusion [28] . Levels of elastase and MMP9 were correlated both in ILT and wall suggesting a common cellular origin, probably from PMNs [18] . PMN apoptosis can be spontaneous and can also be induced by elastase or by activated macrophages which are present in the ILT of rat AAAs [15] , and this may account for the numerous apoptotic cells observed in ILT. Besides its capacity to degrade different components of the extracellular matrix, neutrophil elastase has been shown to be involved in other important mechanisms of AAA development, such as MMP processing and also the impairment of cell recolonization of the AAA thrombus [17] . Elastase activity was previously shown to be increased in human AAAs compared to atherosclerotic lesions, and was highest in ruptured AAAs [37] . Moreover, the role of PMNs in AAA development has recently been emphasized by inhibition of experimental AAA formation by neutrophil depletion [38] or prevention of their recruitment [39, 40] . However, in the present study no correlation was found between ILT or wall elastase levels and aneurysmal diameter; the very short half-life of PMNs activated by adhesion may account for the absence of such relationships. On the other hand, elastase levels in ILT and wall AAAs were correlated, as were MMP2 levels, reinforcing the evidence of relationships between ILT and wall biological activities. The involvement of the fibrinolytic system in AAA pathology has been previously highlighted [41] . Plasmin generated by the action of plasminogen activators is able to degrade extracellular matrix components directly or indirectly by activating MMPs [42, 43] . uPA is also able to stimulate MMP1 production via a plasmin-dependent pathway [44] . Recently, a critical role for uPA in the development of angiotensin II-induced AAAs has been demonstrated [45] . In rat AAAs, we showed that uPA was mainly present in the ILT and plasmin activity was also higher in ILT than in AAA wall. However, AAA diameter correlated with the level of plasmin activity in AAA wall. This latter also correlated with ILT weight and total plasmin activity of the entire ILT. This suggests that, rather than activity expressed as lytic activity/mg of secreted protein, the total ILT load of plasmin activity may be important in determining AAA wall plasmin activity and thus AAA evolution.
In the present study, MPs determined by the use of annexin V were released in larger numbers (/mg of tissue weight) by ILT than by the wall of rat AAAs. Previously, by in vivo scintigraphy of rat AAAs using 99m Tc-annexin V, we reported a preferential accumulation of annexin V in the platelet-rich luminal part of ILT [15] . In addition, the numerous apoptotic cells observed in ILT of rat AAAs may also account for MP production. The present data also showed that AAA diameter correlated with total MPs secreted by the entire ILT, but it correlated more strongly with total MPs secreted by the AAA wall, suggesting that, in AAA, biological activity related to cell apoptosis and/or platelet activation is involved in lesion growth. Supporting these data, a lower expansion of AAAs by platelet inhibition in another rat model [7, 8] and higher plasma levels of MPs in AAA patients compared to healthy controls [7] have recently been reported. Accordingly, in our rat experiments and at 2 weeks following perfusion, mean plasma MP levels had increased in rats having developed an AAA whereas no significant difference was observed in rats with no dilatation. However, there was no significant difference between plasma MP levels at sacrifice in rats with or without AAAs. Since elastase perfusion increased wall MP levels even in perfused nondilated walls, these MPs could be released into the blood and may account for the lack of any significant difference, in addition to the large variation in values.
Data from this study were obtained from ILT-and AAA wall-conditioned media and thus only released proteins were considered. It should be borne in mind that molecules may be retained more or less within tissues due to differential binding to various structural components, such as fibrin, which binds latent MMP9 but not MMP2 [46] and which binds tPA more strongly than uPA [47] . Similar considerations also apply to molecules released by pathological tissues into the plasma. Moreover, the inverse proportion of blood leukocytes in the rat (80% lymphocytes vs. 15% PMNs) compared to that in man (70% PMNs vs. 15% lymphocytes) merits consideration when comparing rat and human studies. This is also the case for extrapolation of data obtained with this rat experimental model of AAA, where lesions develop rapidly after an acute aggression of the aortic wall by elastase perfusion, whereas human AAAs develop in a chronic manner often on an atherosclerotic aorta. In spite of these limitations, in the present study, we have shown first that dilatation of experimental AAAs was principally related to the levels of several relevant proteases and total MPs released by the AAA wall. Second, some of these AAA wall levels correlated with ILT size and/or with their ILT levels, indicating that the ILT may participate in AAA enlargement via its influence on relevant biological activities of the underlying wall, such as matrix-degrading protease activity. Thus, as possible clinical implications, the present results argue for the previously suggested pre-vention of thrombus formation to limit AAA expansion of small aneurysms [8] . Other clinical implications may be the development of in vivo imaging methods with molecular probes targeting levels of biological activity of the thrombus. Beside the involvement of the ILT in AAA expansion, it may be kept in mind that some authors by using computerized AAA models have suggested that ILT may also play a beneficial mechanical role in the risk of rupture by reducing AAA wall stress [48, 49] . Further studies are thus needed to define more precisely the relative importance of this dual role of the ILT in AAA rupture.
